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Extremely fast animal actions are accomplished with mechanisms that reduce the duration of movement. This process is known as

power amplification. Although many studies have examined the morphology and performance of power-amplified systems, little

is known about their development and evolution. Here, we examine scaling and modularity in the powerful predatory appendages

of a mantis shrimp, Gonodactylaceus falcatus (Crustacea, Stomatopoda). We propose that power-amplified systems can be divided

into three units: an engine (e.g., muscle), an amplifier (e.g., spring), and a tool (e.g., hammer). We tested whether these units

are developmentally independent using geometric morphometric techniques that quantitatively compare shapes. Additionally,

we tested whether shape and several mechanical features are correlated with size and sex. We found that the morphological

regions that represent the engine, amplifier, and tool belong to independent developmental modules. In both sexes, body size was

positively correlated with the size of each region. Shape, however, changed allometrically with appendage size only in the amplifier

(both sexes) and tool (males). These morphological changes were correlated with strike force and spring force (amplifier), but not

spring stiffness (amplifier). Overall, the results indicate that each functional unit belongs to different developmental modules in a

power-amplified system, potentially allowing independent evolution of the engine, amplifier, and tool.

KEY WORDS: Geometric morphometrics, raptorial appendage shape, scaling, Stomatopoda, strike force.

Fast biological movements fascinate biologists for their remark-

able biomechanical designs and behavioral feats. Studies of these

systems have formed the foundation of a field focused on power

amplification—the mechanism by which organisms reduce the

time to perform a movement (Alexander and Bennet-Clark 1977;

Alexander 1983); however, little attention has been given to the

evolution of their morphology. Studies of the modular organi-

zation of organisms have brought fundamental insights to the

understanding of the development and evolution of traits and or-

gans (Wagner 1996; Wagner and Altenberg 1996; Schlosser 2002;

West-Eberhard 2003). Here, we integrate these two fields by ex-

amining three functional units of a power-amplified system and

testing whether these units belong to independent developmental

modules. Knowing how the different functional units of power

amplification systems match developmental units both enhances

understanding of ontogenetic and scaling studies (West-Eberhard

2003) and has the potential to yield important and novel insights

into the evolutionary history of power-amplified structures.

Fast movements are achieved through the use of springs,

linkages, levers, and latches (Gronenberg et al. 1993;

Gronenberg 1996; Roberts et al. 1997; de Groot and van Leeuwen

2004; Edwards et al. 2005; Deban et al. 2007; Williams et al.

2007; Van Wassenbergh et al. 2008). Power amplification sys-

tems are fantastically diverse both structurally and taxonomi-

cally, yet most can be described with a simple model consist-

ing of three functional units: an “engine” (e.g., muscle) that

slowly loads an “amplifier” (e.g., spring) which rapidly moves

a “tool” (e.g., appendage) (Fig. 1). Whether the power-amplified

4 4 3
C© 2010 The Author(s). Evolution C© 2010 The Society for the Study of Evolution.
Evolution 65-2: 443–461



T. CLAVERIE ET AL.

Figure 1. A power amplification system typically consists of three

units: an engine, amplifier, and tool. (A) A theoretical drawing of

a muscle-powered punching glove shows that the muscle contrac-

tion (engine) loads a spring and latch system (amplifier) which

then releases and powers the punching glove (tool). (B) These

same units are present in the mantis shrimp’s raptorial appendage.

A large extensor muscle (engine) loads a spring (amplifier) and

linkage system controlled by a latch that releases the hammer

(tool) over a short time period. (C) The engine, amplifier, and tool

are overlaid on a micro-CT image of a G. falcatus appendage (dor-

sal is toward the top of the page; distal is to the left).

structure is the leg of a jumping locust, the tongue of a chameleon

or the mandibles of trap-jaw ants, these three functional units

are always present (Rothschild et al. 1972; Bennet-Clark 1975;

Gronenberg and Ehmer 1996; Herrel et al. 2000; de Groot and

van Leeuwen 2004). By using this simple yet robust model, it is

possible to examine the whole power-amplified system in relation

to the variation and interconnectedness of each of its parts. Thus,

this model approach offers a foundational framework for under-

standing the flexibility and limitations on both individual-level

variation and cross-species variation in power-amplified systems.

Understanding whether the engine, amplifier, and tool can

be modified as independent, modular units or as developmen-

tally interconnected regions requires operational definitions of

two terms—behavioral “functional modularity” and morpholog-

ical “developmental modularity.” A “functional module” is de-

fined as a single structure or group of structures that are used

for a common behavior (Moss 1968; Moss and Salentijn 1969;

Klingenberg 2008). For example, in mammal mandibles, the ante-

rior region that holds the teeth is the functional module associated

with food processing. The posterior half of the mandible corre-

sponds to the region where muscles are inserted and represent the

functional module associated with mastication movement (Moss

1968; Atchley and Hall 1991; Cheverud et al. 1991; Klingenberg

et al. 2003). In contrast, a “developmental module” is defined as

a single structure or group of structures that share common cel-

lular and molecular mechanisms during development (Atchley

and Hall 1991; Wagner and Altenberg 1996; Bolker 2000;

Klingenberg 2008). Developmental modularity is detected

through shared or independent morphological variation. For ex-

ample, a study of bumblebee wings indicated that the variation in

forewing morphology between left and right sides or among spec-

imens was internally congruent, but different from the variation

in the hind-wing morphology. This result demonstrated that each

pair of wings belongs to different developmental modules, which

is consistent with the fact that fore- and hind-wings develop from

different imaginal discs (Klingenberg et al. 2001).

In the context of power-amplified systems, the engine, am-

plifier, and tool are different functional modules, because they

each perform a different task at a different time and at different

time scales. To detect whether these functional modules are also

developmental modules requires examining the morphological

variation underlying each functional module. Thus, morphologi-

cal variation of the engine, amplifier, and tool serves as a proxy

for developmental integration of these parts. Developmental mod-

ularity suggests a greater likelihood of independent evolution of

the units and “fine-tuning” to their function at a given ontogenetic

stage or environment (Wagner 1996; Waxman and Peck 1998;

Schlosser 2002; West-Eberhard 2003; Otto 2004; Snell-Rood et al.

2010). Conversely, if the engine, amplifier, and tool share a single

developmental program, evolutionary variation among the parts

may be limited to a narrower range.

We focused on the raptorial appendage of a mantis shrimp,

Gonodactylaceus falcatus (Stomatopoda, Crustacea) to study

scaling and modularity of a power-amplified system. This species

hammers hard-shelled prey (Fig. 2) (Pit and Southgate 2003)

and uses the typical stomatopod engine and amplifier to achieve

extremely rapid, power-amplified strikes (Burrows 1969; Patek

et al. 2004, 2007). Specifically, a large extensor muscle (the
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Figure 2. Many mantis shrimp species smash hard-shelled prey

with their hammer-shaped raptorial appendages. Drawing modi-

fied from Caldwell and Dingle (1976).

engine) gradually compresses a spring (the amplifier) in prepara-

tion for a strike, whereas flexor muscles engage latches to prevent

movement (Burrows 1969; Burrows and Hoyle 1972; Patek et al.

2004, 2007; Zack et al. 2009). When ready to strike, the latches

are released and the stored elastic energy is rapidly delivered to

a linkage and lever system that yields a rapid strike (Patek et al.

2004, 2007; Patek and Caldwell 2005; Zack et al. 2009). At the

end of the lever, stomatopod appendages possess either a rounded

and strongly calcified hammer (the tool), as in G. falcatus, or

numerous sharp serrated teeth to smash or spear prey (Caldwell

and Dingle 1976; Ahyong 2001; Patek and Caldwell 2005; Patek

et al. 2007).

An interesting feature of this system is that the engine, am-

plifier, and tool are mechanically linked, but spatially distinct on

the appendage (Fig. 1), which allows for studies of scaling and

modularity in these regions. Two studies have examined scal-

ing in mantis shrimp raptorial appendages. One study of G. fal-

catus examined the scaling of the amplifier, finding that body

size was positively correlated with elastic energy storage, but not

with spring stiffness (Zack et al. 2009). A study of Odontodacty-

lus scyllarus found a positive correlation between tool size and

force generation (Patek and Caldwell 2005). Finally, although

developmental modularity has not yet been studied in stomato-

pod crustaceans, developmental studies of crustaceans and other

arthropods have shown that the morphology and segmentation

of appendages is spatially and temporally controlled by a net-

work of regulatory genes that permit a modular development of

these structures (Pangamiban et al. 1995; Browne and Patel 2000;

Williams and Nagy 2001).

Toward the broader goal of understanding the developmental

and evolutionary underpinnings of power amplification, we used

geometric morphometric techniques to examine scaling, shape

variation, sexual dimorphism and developmental modularity in the

engine, amplifier, and tool of G. falcatus. For the amplifier, we ex-

amined the correlation between mechanical behavior of the spring

(stiffness and elastic energy storage) in relation to the size and

shape of the structure. We also tested whether variation in these

units were correlated with strike force. It is important to note that

this study applies analyses of shape to a biomechanical system,

but does not incorporate biomechanical analyses to computation-

ally determine the biomechanical consequences of these differ-

ences in shape. Thus, this is primarily a study of two-dimensional

(2D) shape variation with the goal of providing a first, founda-

tional study integrating geometric morphometric techniques with

the fundamental principles of power amplification.

In the course of this study, we addressed the three following

questions: (1) Do the units of a power amplification system scale

similarly or does each unit follow its own mechanical scaling

rules? (2) How does shape variation relate to the mechanics of

the system? (3) Do the engine, amplifier, and tool exhibit shape

variation indicative of developmental modularity and might this

contribute to the diversity of tools across mantis shrimp species?

Materials and Methods
COLLECTION AND MEASUREMENT OF SPECIMENS

Gonodactylaceus falcatus specimens were collected at Oahu,

Hawaii in June 2008. Only animals with intact appendages were

returned to the laboratory at the University of California, Berkeley

for measurement. Body length was measured for each individual

(digital electronic vernier caliper, Absolute coolant proof IP 67,

±0.02 mm, Mitutoyo Corp., Kawasaki, Japan). A total of 56 ani-

mals (34 females and 22 males) with body lengths ranging from

20 to 60 mm were collected and euthanized by freezing.

To assist in visualizing the component parts of the appendage

(Fig. 3), a three-dimensional (3D) representation of the appendage

was obtained from micro-Computed Tomography (micro-CT)

scans (model HMXST225, X-Tek, Tyngsboro Business Park,

MA) and 3D reconstruction software (VGStudio Max version

2, Volume Graphics GmbH, Heidelberg, Germany). A freshly

frozen individual of G. falcatus was scanned with 0.0086 mm ×
0.0086 mm × 0.0086 mm voxel size. Isosurface rendering was

used to show the surface conformation of the appendage.

SPRING MECHANICS

Parts of the merus exoskeleton of the mantis shrimp raptorial ap-

pendage (Fig. 3A) can act as a spring and contract longitudinally.

The maximum force required to fully contract the merus as well

as the spring constant was used as proxies for the mechanical

performance of the amplifier. We used previously published data

from mechanical tests of the spring (Zack et al. 2009). These data

were reanalyzed, because of an error discovered in the manufac-

turer’s software used to drive the materials testing machine. The

programming error caused the force data to be filtered, but not dis-

placement data, resulting in a temporal offset in the two datasets.

Using a Matlab program (version 2009a, The Mathworks, Natick
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Figure 3. The shape of the raptorial appendage was analyzed using geometric morphometric techniques. (A) A micro-CT scan of the

lateral (left) and medial (right) sides of a G. falcatus appendage illustrate its five segments as well as the saddle and meral-V, two key

components of the amplifier. (B) Landmarks (gray numbered circles) and semi-landmarks (small black dots) are shown on a photograph

of the lateral view of a left raptorial appendage from G. falcatus. Note that the propodus/dactylus and merus were measured separately

(dashed line), because it was not possible to standardize their relative positions. Scale bar 2 mm. Dorsal is toward the top of the page in

all images.

MA) written by the company to fix this error, we reanalyzed the

data and calculated spring stiffness as the linear portion of the

loading curve from 60% to 95% of the maximum load during

loading and maximum force as the peak force generated during

loading of the spring.

STRIKE FORCE

Peak strike force was measured for each individual and used as

a proxy for strike performance (detailed methods are described

in: Patek and Caldwell 2005). We used a one-axis force sensor

to measure peak force (force range 3 kN, Model 9130B, Kistler

Instruments, Winterthur, Switzerland). The stainless steel force

sensor had an 8-mm diameter load surface and a stiffness of

1.0 kNμm−1. Data were collected at 500,000 samples s−1 using

a data-acquisition board (NIDAQ 6251, National Instruments,

Austin, TX). Peak forces were analyzed using custom-designed

computer analysis tools (R Development Core Team 2009). Each

animal struck the force sensor at least 10 times; the peak force

value of the strongest strike was used in subsequent analyses.

GEOMETRIC MORPHOMETRICS

The morphology of the raptorial appendages was characterized

in two dimensions using geometric morphometric methods. Ge-

ometric morphometric methods yield detailed information about

variation in the shape of objects while retaining a visual repre-

sentation of them throughout the analysis (Mitterœcker and Gunz

2009).

Landmarks and semi-landmarks, which are coordinates of

points upon which geometric morphometric methods are based

(Bookstein 1991), were recorded from high-resolution digital im-

ages of left and right raptorial appendages using equipment de-

signed to minimize distortion while maximizing definition and

depth of field (12 megapixel, digital SLR camera, Nikon D300; AF

Micro-NIKKOR 60 mm f/2.8D or 105 mm f/2.8D macro lenses,

Nikon Inc., Melville, NY; and EM-140 DG macro-flash, Sigma

Corp., Ronkonkoma, NY). Appendages were positioned in front

of the camera using a custom-built device to maintain a consistent

orientation across specimens and provide a linear scale. The lat-

eral side of each appendage was photographed, first focusing on

the merus and then focusing on the dactylus and propodus, with

the dactylus folded against the propodus (Fig. 3B). Each speci-

men was photographed three times to evaluate measurement error

from the coordinates of digitized landmarks and semi-landmarks.

Photographs of the left appendages were mirrored to look like a

right appendage prior to digitizing to facilitate symmetry anal-

ysis (Klingenberg and McIntyre 1998; Klingenberg et al. 2002).

Landmarks and semi-landmarks were digitized using the software

TpsDig2 (Rohlf 2005a).
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Landmarks and semi-landmarks were superimposed (con-

figurations scaled, rotated and translated) across specimens using

the generalized least squares Procrustes method (Rohlf and Slice

1990). During superimposition, semi-landmarks were aligned

using the minimal bending energy method (Bookstein 1997;

Mitterœcker and Gunz 2009). Centroid size, which is the scal-

ing factor during the superimposition process (Bookstein 1991;

Dryden and Mardia 1998), was subsequently used as indica-

tor of size for each specimen. The term “shape” used hence-

forth is defined as a geometric representation of an object

(landmark configuration) remaining after removing information

on its size and other measurement-associated error (rotation,

translation).

Propodus/dactylus shape was quantified using three land-

marks (from 1 to 3) and 42 semi-landmarks (Fig. 3B). Landmark

1 represents the visible distal tip of the dactylus (the actual tip was

hidden inside a groove in the propodus); landmark 2 represents

the proximal edge of the dactylus. Finally, landmark 3 represents

the resting point for the carpus when the propodus is folded on the

carpus (Fig. 3). Nineteen of the 42 semi-landmarks were placed

between landmarks 1 and 2 to represent the ventral edge of the

dactylus (opposite side to the edge in contact with the propodus).

Nine semi-landmarks describe the dorsal edge of the propodus

(edge in contact with the dactylus). The final 14 semi-landmarks

were placed between landmarks 2 and 3 to represent the ventral

edge of the propodus (opposite side to the edge in contact with

the dactylus).

Merus shape was quantified using eight landmarks (from 4

to 11) and 32 semi-landmarks (Fig. 3B). Landmarks 4–6 describe

the meral-V such that it would rotate around landmark 6. The

meral-V is a triangular piece of the distal merus that is rotated

proximally when the appendage is loaded (Fig. 1 and 3A). Land-

marks 5–7 describe the opening between the meral-V and the

rest of the merus. Landmarks 8 and 9 represent the relative po-

sition of the saddle on the merus; the saddle is a modification of

the merus exoskeleton and compresses during merus contraction

(Patek et al. 2007; Zack et al. 2009). Landmark 10 represents

the ventral joint articulation linking the merus and the ischium.

Finally, landmark 11 represents the point on the ventral merus

that matches the tip of the ischium distal extension (Fig. 3). Three

semi-landmarks were placed between landmarks 5 and 6 to rep-

resent the proximal edge of the meral-V and four semi-landmarks

were placed between landmarks 8 and 9 on the dorsal edge of the

merus, which represents the shape of the lateral edge of the saddle.

Twenty semi-landmarks were placed between landmarks 9 and 10

to represent the proximal edge of the merus. Five semi-landmarks

were placed between landmarks 10 and 6 to describe the lateral

ventral edge of the merus. We did not measure the shape of the

latch, because it was internal and exceedingly difficult to access

in the context of these measurements.

Shape variation of the propodus/dactylus and the merus was

first analyzed using a principal component analysis (PCA). This

analysis is used to reduce the dimensionality of multivariate data

by transforming a set of many correlated variables into a smaller

number of uncorrelated variables called principal components.

PCA was performed on shape data (partial warp scores, see

Mitterœcker and Gunz [2009] review for details on partial warp

scores computations) and allowed to condense shape information

into as few principal components as possible to describe overall

shape variation without a priori assumptions on the influence of

size, sex, or appendage side (TpsRelw, Rohlf 2005b).

Symmetry
Bilateral symmetry in appendage shape and size (centroid size)

was assessed separately for each sex and each part of the ap-

pendage (propodus/dactylus and merus) using a two-way analy-

sis of variance (ANOVA) for size and a Procrustes ANOVA for

shape (Klingenberg and McIntyre 1998; Klingenberg et al. 2002).

Individual identity and appendage side (left or right) were the

factors for these analyses. The random shape variation between

left and right sides is called fluctuating asymmetry and is rep-

resented by the interaction term in the Procrustes ANOVA. This

variable is important for later analysis (see developmental analy-

sis below), but is generally of small amplitude. It is important to

verify that measurement error (due to digitizing and photographic

techniques) is not greater than the actual shape variation due to

fluctuating asymmetry. For this, we ensured that the mean square

values of the Procrustes ANOVA for the fluctuating asymmetry

(interaction term) were higher than the mean square values of the

error term (Klingenberg and McIntyre 1998; Klingenberg et al.

2002). Given that fluctuating asymmetry was detected in these

tests, the next step was to calculate the actual values for the sym-

metric and asymmetric (fluctuating asymmetry) components of

the appendages. This was done by calculating the mean shape

coordinates for each specimen and using these as the symmetric

component. We then calculated the residual variation (minus the

error across replicates) from the average coordinates to yield the

asymmetric component, which is the fluctuating asymmetry in this

case. Significance levels were evaluated using 3000 bootstraps.

The software Sage was used for calculations (Marquez 2008b).

Scaling
We tested the relationship between appendage size and body size

for both sexes. Average left and right centroid size for the merus

and the propodus/dactylus was used to represent appendage size,

because the appendages were symmetric (see Results). Model II

Reduced Major Axis regressions were applied and values were ln-

transformed prior to analysis. We also tested whether size varied

between sexes using an analysis of covariance (ANCOVA) with

body length as the covariate and sex as the factor.
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The symmetric component of appendage shape was then

investigated in relation to appendage size (centroid size) using

multivariate regression. Separate analyses were performed for the

propodus/dactylus and the merus for both males and females.

Significance level was estimated using 3000 bootstraps. The fluc-

tuating asymmetric component of the shape variability was used

to check whether random morphological variation was dependent

on size.

Procrustes distance was the metric used to represent individ-

uals’ shape in graphs. This variable is a measure of the distance

between two shapes in a “shape space” in which each individual

has a unique location. For graphical representation, Procrustes

distance is convenient, because shape of one individual (relative

to a reference shape) is described with only one value.

The software regress6 (Sheets 2001) and R (R Development

Core Team 2009) were used, respectively, for the multivariate and

univariate regressions.

Sexual dimorphism
Sexual dimorphism in appendage shape was investigated by com-

paring the shape of the propodus/dactylus and merus (for the

symmetric component only) between males and females. Shape

difference between sexes was tested using a permuted multivari-

ate analysis of covariance (per-MANCOVA, 1000 permutations)

on shape variables (partial Procrustes distances, see Zelditch et al.

[2004] for details) with sex as a factor and centroid size as the

covariate. Centroid size was included as a covariate to correct for

the effect of size on shape variation (see results). Per-MANCOVA

was used instead of conventional MANCOVA, because the sam-

ple size was too small relative to the number of landmarks/

semi-landmarks used in this study (Zelditch et al. 2004). The pro-

gram Manovaboard 6.4 (Sheets 2006) was used for this analysis.

This program uses a permutation test to determine significance

(based on the sum of squared partial Procrustes distances—shape

variables—between and within groups) rather than conventional

MANCOVA procedure (i.e., using an F-test of a variance ratio).

Merus morphology and spring mechanics
Amplifier mechanics were expressed in terms of maximum force

and stiffness. To analyze how spring mechanics correlate with

scaling of merus shape variation, we used multivariate regres-

sions. The shape variable of each particular appendage, rather

than the symmetric component, was used for the analysis because

the side of the appendage mechanically tested was known. Sig-

nificance level was estimated using 3000 bootstraps. Spring force

and stiffness were also regressed onto merus size (centroid size)

using a linear regression. Sexes were not separated for this anal-

ysis because geometric morphometric methods require a large

sample size and only 17 specimens were available, including six

males and 11 females.

Propodus/dactylus morphology and strike force
We examined how shape variation correlates with impact force

over a range of body sizes. Maximum strike force was investi-

gated in relation to propodus/dactylus shape (symmetric compo-

nent) and size (centroid size). The relationship between shape and

force (separately in males and females) was analyzed using mul-

tivariate regression. To account for size differences, strike force

was compared between sexes using an ANCOVA.

MODULARITY

We tested the hypothesis that the appendage is divided into three

developmental modules that are the engine, the amplifier, and the

tool (Fig. 1). Shape variation was used as a proxy to infer whether

development was modular across the amplifier, engine, and tool.

If the developmental pathways are such that these three units

belong to different modules, one would expect that shape varia-

tion would be coherent within each unit but not between them,

which is indicative of developmental integration within modules

(Klingenberg and Zaklan 2000; Klingenberg et al. 2001, 2003;

Klingenberg 2008). Conversely, congruent shape variation of all

units of the appendage would indicate a developmental integration

of the entire structure and refute the hypothesis of modular orga-

nization. In other words, if the shape variation between two units

is always similar among appendages, then the structure would be

considered as integrated; otherwise, each unit would belong to

different modules.

Developmental modularity should not only be evident

through variation across individuals, but should also be reflected

by fluctuating asymmetry—shape variation between body sides

(Klingenberg and Zaklan 2000). Because the left and the right

sides of an individual share the same genome and nearly the

same environment, fluctuating asymmetry results primarily from

small random perturbations of developmental processes (Palmer

and Strobeck 1986; Palmer 1996; Klingenberg and Zaklan 2000;

Klingenberg et al. 2001, 2003, 2008; Hallgrı́msson et al. 2002).

Therefore, fluctuating asymmetry provides an intrinsic experi-

mental “control” for genetic and environmental effects and indi-

cates purely developmental processes. Correlated left and right

asymmetries in two different regions of the appendage (that

we will call partitions) thus indicate that the same perturba-

tion has been transmitted to both partitions (Klingenberg and

Zaklan 2000). Therefore, these two partitions are integrated and

belong to a shared developmental pathway. The same conclu-

sion could not be drawn regarding variation among individu-

als (measured with the symmetric component). This is because,

contrary to fluctuating asymmetry, variation among individu-

als can be influenced by different genotypes or environments

(Klingenberg 2008) and could not be ascribed solely to develop-

mental processes.
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Thus, if results from the fluctuating asymmetric component

and the symmetric component show congruent shape variation,

then the observed developmental pattern should be driven only

by direct developmental interactions (Klingenberg et al. 2001;

Klingenberg 2008). In other words, each module identified in

the study would represent a developmental pathway resulting in

an integrated region of the appendage. Conversely, incongruence

between the results from the fluctuating asymmetric component

and the symmetric component would indicate a parallel develop-

mental pathway in which, for example, the development of two

modules could covary due to synchronized responses of both path-

ways to a common environmental pressure (Klingenberg 2008).

If the two modules covary for this reason, symmetric component

analysis would only show a single module while the fluctuating

asymmetric component analysis, which excludes environmental

pressures from the shape variation, would lead to two distinct

modules instead of one.

The first step in the modularity analysis is to divide the ap-

pendage into partitions. A partition is defined as a small region

of the appendage represented by a subset of the total landmark

configuration. Partitions can be selected randomly (Klingenberg

2009) or represent regions of particular morphological signifi-

cance (Zelditch et al. 2009), such as an appendage segment or

particular morphological feature. These partitions are thus the

morphological units used to measure appendage regional shape

variability and to detect modules that can be formed by single

or multiple partitions. Appendage partitioning was performed af-

ter the merus and propodus/dactylus shapes were standardized

relative to their respective averaged centroid size (separately for

males and females). This step was necessary because ontogeny

causes shape variation of different partitions to correlate with each

other due to allometry (Zelditch et al. 2004). After standardiza-

tion, shape data from both sexes were combined for the rest of the

analysis.

The appendage was divided into five partitions (Fig. 4).

The first partition (“dactylus”) represents the dactylus and the

second partition the propodus (“propodus”). The third partition

(“distal merus”) represents the distal part of the merus that acts

as a spring and can be deformed during contraction (Fig. 4A,

there are no muscle attachments in this region). The fourth parti-

tion (“proximal merus”) represents the region of the merus where

extensor muscles attach to the exoskeleton (Fig. 4A) and can con-

sequently be used as a proxy to represent extensor muscle size.

The fifth partition (“ventral merus”) represents the ventral part of

the merus where the flexor muscle attaches to the exoskeleton—

this region possesses a curvature matching the propodus shape,

which fits against the merus when the propodus is folded. Each

of these partitions was individually superimposed and the fluctu-

ating asymmetric component and the symmetric component were

extracted from them.

Figure 4. We used muscle attachment sites and segment

anatomy to select appropriate regions to partition the appendage

and test hypotheses on modularity. (A) The lateral extensor mus-

cle occupies most of the space in the merus and is not attached

to the exoskeleton in the ventral region of the merus. The flexor

muscle is much smaller and attaches only in the ventral region

of the merus. (B) To statistically analyze modularity between and

among the regions of the raptorial appendage, six partitions (gray

overlay on photograph) were chosen. The photograph shows the

lateral side of a left appendage, dorsal toward the top of the page,

distal to left. Scale bars: 2 mm.

Partition correlation
To test whether the shape variability of the appendage among

specimens was congruent or organized into modules, we tested

whether the magnitude of the shape variation of one partition

among individuals matched the variation of other partitions (Man-

tel correlation test, Coriandis, Marquez 2008a). Partitions with

correlated shape variation (congruent variability) would, there-

fore, belong to the same module and, conversely, partitions with

shape variation that do not correlate would belong to different

modules (Klingenberg 2008).

Correlations among the five partitions for each compo-

nent (symmetric and fluctuating asymmetric) were calculated

and stored in a correlation matrix using the software Coriandis

(Marquez 2008a). To distinguish between a parallel developmen-

tal pathway and a direct developmental interactions pathway (see

above and Klingenberg 2008), we tested whether the correlation

matrix from the fluctuating asymmetric component was corre-

lated with the correlation matrix from the symmetric component
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(Mantel correlation test, vegan package of the software R, R De-

velopment Core Team 2009).

Hypothesis testing
We hypothesized that three developmental modules, represent-

ing the engine, amplifier, and tool, would occur in the raptorial

appendage. Partitions 1 and 2 would belong to the tool module,

partition 3 would represent the amplifier module, and partitions

4 and 5 would indicate the engine module (Figs. 1–4). To test

this a priori hypothesis, we used two methods, the “target matrix

method” and “graphical modeling.”

For the target matrix method, we constructed a target the-

oretical correlation matrix among partitions with a correlation

of one between every partition within each hypothetical module

and a correlation of zero between partitions pertaining to differ-

ent hypothetical modules (Cheverud et al. 1991). The correlation

between the target correlation matrix and the data correlation

matrix (fluctuating asymmetric component or symmetric compo-

nent) was tested with a Mantel correlation test (R Development

Core Team 2009).

For the second method, we used graphical modeling, which

depicts the relationships among variables (“vertices”) by draw-

ing a line (“edge”) to connect correlated variables (in this

case, partitions) after taking their relationships to all other vari-

ables into account (Edwards 2000; Magwene 2001; Young and

Hallgrimsson 2005; Allen 2008; Zelditch et al. 2009). We used

graphical modeling to assess correlation networks among parti-

tions (for the symmetric component and fluctuating asymmetric

component of each partition) and evaluated the degree of corre-

lation among them. We performed these analyses using a partial

correlation matrix in which the matrix elements represented the

pairwise correlation between pairs of partitions conditioned on

their relationships with the other partitions. The partial correla-

tion matrix can be calculated by inverting the correlation matrix

from the fluctuating asymmetric component and the symmetric

component and rescaling the new matrix such that the diagonals

are all 1.0 (Magwene 2001).

To determine which edges should be included in the graphical

model, we used a stepwise model selection procedure starting

either from the fully saturated model (including every possible

edge between variables) or the model that contains no edges at all.

To test the significance of the correlation between two variables

and determine whether an edge should be removed or not, we used

an F-test because of the small sample size. Searches for the best

model (most parsimonious and that best fits the data) were done

headlong (edges inspected randomly rather than sequentially) and

bidirectionally, proceeding first in one direction (i.e., deleting

edges from a fully saturated model) and then in the other direction

until the best model was found.

To assess the overall fit of the graphical model, we used the

model deviance, which is a likelihood ratio of the specified model

against the null hypothesis of the fully saturated model, with de-

grees of freedom equal to the number of excluded edges (Edwards

2000). The fully saturated model explains all the variance of the

data (but is the least parsimonious, because it includes all possible

edges). Thus, the best model should not be significantly different

from the saturated model while possessing the fewest number of

edges. The significance of a deviance difference (e.g., between

a fully saturated model and best fitting model) can be tested us-

ing a χ2 distribution (Edwards 2000). Finally, the edge strength,

Inf(Xi ⊥ Xj | XK), is a measure of the information in the element

Xi about Xj and vice versa, conditional on the rest of the variables

XK . In other words, it indicates how strongly the two partitions

are connected, conditional on the rest of the variables and can be

calculated as:

Inf (Xi⊥X j | XK) = −0.5 · ln
(
1 − ρ2

i j ·{K }
)
,

where ρij.{K} is the partial correlation between the partition i and

j (Magwene 2001). High edge strength is an indicator of strong

co-predictability among traits relative to all the others and low

edge strength indicates low co-predictability.

Results
GEOMETRIC MORPHOMETRICS

PCA provided a descriptive analysis of the variation in appendage

shape without assumptions about the effect of sex, size, or ap-

pendage size. The first three axes of the PCA explained 90.11%

of the total shape variation for the propodus/dactylus (tool) and

62.49% of the total shape variation for the merus (amplifier and

engine).

For the propodus/dactylus, the first axis (77.19% of the total

shape variability) described a narrowing of the propodus along the

dorsoventral plane and a reduction of the dactyl bulb (Fig. 5A)—

the dactyl bulb is the bulbous, rounded part of the proximal region

of the dactylus that is used as a hammer (Fig. 3). The second and

third axes explained 8.60% and 4.32% of the shape variability,

respectively. The second axis represented a ventral elongation

of the dactyl bulb along the distal propodus margin (Fig. 5A)

whereas the third axis described a narrowing of the dactylus along

the dorsoventral plane. It is interesting that within these results,

males had greater shape variation than females; this variation was

described by the first axis of the PCA (Fig. 5A).

For the merus, the first axis of the PCA (34.26% of the total

shape variability) described an increase of the ventral curvature

when the overall height of the merus decreases (Fig. 5B). The

second axis (16.69% of shape variation) described a decrease of
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Figure 5. Principal component analyses identified the primary

axes of variation in shape. (A) For the propodus/dactyl, the first

and second principal component described together 86% of the

variation. (B) For the merus, the first and second principal compo-

nent explained together 51% of the variation. The deformation

grid (thin-plate spline) illustrations of the appendage segments

represent the extreme shape variation along the different principal

components. The percentage explained for each axis is indicated

in parentheses on the graphs. The symbols are as follows: left

appendages (circles), right appendages (triangles), males (white-

filled symbols), females (black-filled symbols).

the ventral curvature and the third axis (11.53% of the shape

variation) described an increase of the proximal distance between

the dorsal and ventral edges of the merus (Fig. 5B). Similar to

the propodus/dactylus results, males exhibited a greater range

of shape variation than females, described by the first principal

component (Fig. 5B).

Symmetry
Results of the Procrustes ANOVA showed no significant dif-

ferences between left and right sides for propodus/dactylus and

merus shape for both males and females, with the exception of one

borderline significant result in female merus shape that explains

only 2% of the shape variation (Table 1). Similarly, ANOVAs

of centroid size did not show any significant difference in sym-

metry across the propodus/dactylus, merus and across the sexes

(Table 1). Overall, these results indicate that this species is sym-

metric in shape and size for both the propodus/dactylus and the

merus.

We found significant differences in shape and size among

individuals for propodus/dactylus and merus as well as sex, indi-

cating individual variability (Table 1).

The mean square values of fluctuating asymmetry in the

Procrustes ANOVAs were always greater than the mean square

values from the error terms (which represented at most 16% of

the fluctuating asymmetry). Fluctuating asymmetry was always

significant for the merus and propodus/dactylus of both sexes

(Table 1).

Scaling
Propodus/dactylus size (centroid size) was positively correlated

with body size for males (slope = 1.02, 95% CI = 0.93–1.12;

r2 = 0.96) and females (slope = 0.99, 95% CI = 0.93–1.06;

r2 = 0.97). There was also a significant interaction between sex

and propodus/dactylus size (F1,52 = 9.90, P = 0.003, Fig. 6A)

meaning that the difference in appendage size between sexes was

dependent on animal size. However, these differences were very

small. Merus size (centroid size) was also positively correlated

with body size for males (slope = 1.12, 95% CI = 1.04–1.20;

r2 = 0.98) and females (slope = 1.02, 95% CI = 0.96–1.09; r2 =
0.97) and there was a significant effect of the interaction between

sex and merus size (F1,52 = 21.1, P < 0.001, Fig. 6B) meaning that

there was sexual dimorphism with large males having a greater

appendage size (allometry) than large females.

Propodus/dactylus shape changed significantly with ap-

pendage size for males, but not for females (Table 2). The mul-

tivariate regression showed that 67% of the total male propo-

dus/dactylus shape variation was explained by size (Table 2).

From small to large males, shape changes were similar to the

ones described by the first axis of the PCA—an increase of the

dactyl bulb curvature for the proximal dactylus and distal propo-

dus (Fig. 7A). This shape variation was clear in males, but nearly

absent in females (Fig. 7A). Merus shape changed significantly

depending on appendage size for males and females (Table 2).

The multivariate regression showed that size explained 42% and

13% of the total merus shape variability of males and females

(Table 2). From small to large animals, merus shape variation was

comparable to the variability explained by the first axis of the

PCA, which was mainly a decrease of the curvature of the ventral

part of the merus (Fig. 7B).

No significant relationship was found between the fluctuating

asymmetric component and appendage size for males and females

(Table 2).
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Table 1. The presence of morphological variation in bilateral symmetry (Side) and among specimens (Individuals) as well as the detection

of fluctuating asymmetry (Interaction) were analyzed with a Procrustes ANOVA for the shape variable and with a conventional ANOVA

for the size variables. Analyses were performed independently for males and females and for the propodus/dactylus and merus. ANOVA’s

F-values and P-values calculated using 3000 Bootstraps are reported. Bold P-values indicate significant results.

Interaction
(fluctuating

Variable \ factors Individuals P Side P asymmetry) P
(F-value) (F-value) (F-value)

Propodus/dactylus male (shape) 18.26 <0.001 1.50 0.216 11.86 <0.001
Propodus/dactylus male (size) 302.66 <0.001 1.09 0.325 10.13 <0.001
Propodus/dactylus female (shape) 3.72 <0.001 2.33 0.093 18.32 <0.001
Propodus/dactylus female (size) 221.78 <0.001 1.36 0.260 13.94 <0.001
Merus male (shape) 4.62 <0.001 1.03 0.389 7.38 <0.001
Merus male (size) 370.57 <0.001 0.00 0.922 3.40 <0.001
Merus female (shape) 2.83 <0.001 2.93 0.024 6.13 <0.001
Merus female (size) 1684.70 <0.001 0.00 0.998 13.10 <0.001

Figure 6. Body length (mm) was positively correlated with both

propodus/dactylus centroid size (A) and merus centroid size (B).

Similar trends were found for males (white-filled circles; dashed

regression lines) and females (black-filled circles; solid regression

lines).

Sexual dimorphism
Results from the Per-MANOVA showed that there was a signif-

icant difference in merus and propodus/dactylus shape between

males and females depending on appendage size (merus: P <

0.002, propodus/dactylus: P < 0.002). Large males appeared to

have a bulkier propodus/dactylus than females (Fig. 7A). Merus

differences were subtle and indicated that males had a dorsoven-

trally wider merus that was more ventrally curved than females

(Fig. 7B).

Table 2. Multivariate regressions were used to test whether ap-

pendage shape variation was related to appendage size. Symmet-

ric component (Sym) and the fluctuating asymmetric component

(FA) of the appendage shape were tested for males and females.

Goodall F test was specifically developed for morphometric anal-

yses and is equivalent to F-values for univariate analysis. Variance

in the data explained by the regression (percentage explained) is

shown and P-values were calculated from 3000 bootstraps. Bold

P-values indicate significant results.

Variables Goodall Percentage P
F explained

Male propodus/ 41.25 67.35 <0.001
dactylus (Sym)

Female propodus/ 2.30 6.71 0.082
dactylus (Sym)

Male merus (Sym) 14.47 41.99 <0.001
Female merus (Sym) 4.86 13.18 <0.001
Male propodus/ 0.47 2.27 0.652

dactylus (FA)
Female propodus/ 1.03 3.12 0.325

dactylus (FA)
Male merus (FA) 1.27 5.96 0.257
Female merus (FA) 0.61 1.86 0.690
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Figure 7. Procrustes distance was positively correlated with both

propodus/dactylus centroid size only for males (A) and merus cen-

troid size for both sexes (B). Procrustes distance represents the

shape distance between an individual’s shape and the smallest

specimen’s shape of the comparison group. The associated ex-

treme landmark configuration is the illustration shown above the

curve and represents the overlaid changes from small individu-

als (dotted) to large animals (solid). Males (M illustration, white-

filled dots; dashed regression lines) yielded greater allometric scal-

ing than females (F illustration, black-filled dots; solid regression

lines).

Merus morphology and spring mechanics
Maximum spring force was positively correlated with merus cen-

troid size (slope = 1.01, r2 = 0.61, F1,15 = 23.1, P < 0.001), but

spring stiffness was not (F1,15 = 2.61, P = 0.127).

Multivariate regressions showed that spring force and spring

stiffness were not correlated with merus shape (force: Goodall’s

F44,660 = 1.790, P = 0.125; stiffness: Goodall’s F44,264 = 0.293,

P = 0.946). A closer examination of the data indicates that, al-

though not significantly correlated, spring force followed a posi-

tive association with merus shape, indicating that the negative sta-

tistical result could be a consequence of poor sample size (Fig. 8).

Figure 8. Maximal spring contraction force is nearly positively

correlated with merus shape (A) whereas the spring constant is

not correlated with merus shape (B). Merus shape is calculated as

the Procrustes distance of each individual compared to the smallest

individual of the comparison group.

Propodus/dactylus morphology and strike force
Strike force was positively correlated with the propodus/dactylus

centroid size (slope = 6.92, r2 = 0.57, F1,41 = 60.51, P < 0.001),

but there was no difference between males and females (F1,41 =
0.88, P = 0.354, Fig. 9A).

Strike force was investigated separately for males and fe-

males, because of the propodus/dactylus shape differences be-

tween sexes. Multivariate regression showed that propodus/

dactylus shape of males was related to strike force (Goodall’s

F44,572 = 10.55, P = 0.002) in the same way that shape vari-

ation was related to size. However, the shape of female propo-

dus/dactylus was not related to strike force (Goodall’s F44,1232 =
1.76, P = 0.152), which is consistent with the fact that female

propodus/dactylus shape does not vary much (Fig. 9).
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Figure 9. Maximum strike force is positively correlated with

propodus/dactylus centroid size (A), and with male propodus/

dactylus shape (B). Propodus shape is calculated as the Procrustes

distance of each individual compared to the smallest in that group.

Females (black-filled circles, black line) and males (white-filled cir-

cles, dotted line) are combined in analyses using centroid size (A)

but separated in analyses using shape (B).

MODULARITY

Partition correlation
The correlation matrix of the symmetric component was corre-

lated with the correlation matrix of the fluctuating asymmetric

component (Mantel r = 0.961, P = 0.017, 3000 permutations),

indicating a direct developmental pathway rather than a parallel

developmental pathway.

Hypothesis testing
Using the target matrix method, we tested whether the appendage

was organized into three developmental modules following the

pattern: engine, amplifier, and tool. There were no significant

correlations between the theoretical correlation matrix and the

symmetric component correlation matrix (Mantel r = 0.947, P =
0.067, 3000 permutations). There were also no significant corre-

lations between the theoretical correlation matrix and the fluctuat-

ing asymmetric component correlation matrix (Mantel r = 0.881,

P = 0.064, 3000 permutations). Although nonsignificant, these

results show large correlation coefficients (r > 0.8) that indicate

that the nonsignificance is most likely a result of a small sample

size.

Graphical modeling yielded the same results both for the fluc-

tuating asymmetric and symmetric component (Fig. 10). Both of

these graphs do not differ significantly from the fully saturated

model (symmetric component: χ2 = 8.76, df = 8, P = 0.363;

fluctuating asymmetric component: χ2 = 9.57, df = 8, P =
0.295). The most parsimonious models explain 90.72% of the

total symmetric shape variation and 91.94% of the total fluctuat-

ing asymmetric shape variation. These graphs show that the shape

variation of the dactylus and propodus match well and belong to

the same module (edge strength for the symmetric component:

0.60; for fluctuating asymmetric component: 0.85). The spring

part of the merus is linked neither to the propodus/dactylus nor to

the rest of the merus and appears to be an independent module.

The proximal and ventral parts of the merus appear to belong

to the same module and share an edge-strength of 0.17 for the

symmetric component and 0.13 for the fluctuating asymmetric

component (Fig. 10).

Discussion
By examining a power amplification system in terms of an en-

gine, amplifier, and tool, we were able to test how the shape and

size of these units contributes to the system’s function as a whole

and also how these units vary relative to each other. We found

that shape variation in each of these units could be explained by

sex and body size, with different scaling factors depending on

the unit. Strike force is positively correlated with appendage size

and is not sexually dimorphic. Similarly, spring force is positively

correlated with size, but spring stiffness is not. Each unit is de-

velopmentally modular, suggesting that changes in one unit could

occur independently of others.

This iterative, quantitative approach of looking at each unit’s

size and shape in the context of the broader function of the system

provides a new window into the evolutionary liability and biome-

chanical dynamics of power amplification systems. We will ex-

amine in greater depth each of these results below in parallel with

current knowledge about the scaling of power-amplified systems.

Although many power-amplified systems have been described,

such as tongue protrusion in amphibians and reptiles or flight

in insects, scaling of such systems have, to our knowledge, only

been studied in vertebrate jumping mechanisms and a few jumping

and striking arthropods (Alexander et al. 1981; Biewener 1989;
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Katz and Gosline 1992; Pollock and Shadwick 1994a; Zack et al.

2009). Following the examination of the results, we will discuss

the broader implications of these findings in relation to poten-

tial evolutionary pathways that power-amplified systems could

follow.

Figure 10. Graphical models depict the strength of associa-

tions among the partitioned appendage structures and indicate

whether developmental modularity is present in this system. Links

(edges) connect the circles (representing partitions) that are sig-

nificantly correlated. Higher correlation values (the number to the

side of the model “edge”), indicate a greater association between

the partitions. (A) Graphical models show similar results for the

symmetric components and the asymmetric components where

variation of the dactyl and propodus are more tightly correlated

than the variation between the proximal and ventral merus. The

distal merus shows no correlated change with the other parti-

tions. These results indicate that the dactylus-propodus, distal

merus, and ventral-proximal merus are different developmental

modules. (B) The modules are represented in gray with the asso-

ciated graphical modeling results overlaid on the photograph of

the appendage. Scale bar: 2 mm.

SCALING

The engine, amplifier, and tool of G. falcatus’ raptorial appendage

exhibit different shapes depending on size and sex, and each unit

scales differently from the other units. Beginning with the most

fundamental level, sexual dimorphism, males have slightly larger

appendages than females. This sexual dimorphism in overall size

impacts both scaling and size-dependent shape variation between

the two sexes as we will discuss below. Following from this, we

can look at the scaling and shape variation of each unit, beginning

with the engine.

Engine
The engine, represented by the proximal part of the merus, grows

isometrically (Figs. 4A and 7B). This finding is based on the

assumption that the extensor muscle occupies most of the space

in this unit of the appendage, which we observed through dis-

sections in this and other studies. The muscle physiology may

vary within the constraints of the available space (Taylor 2001),

but many studies on crab claws have shown that shape of the

claw is a good proxy for muscle force (Blundon 1988; Lee 1993;

Gabbanini et al. 1995; Levinton et al. 1995; Block and Rebach

1998; Schenk and Wainwright 2001; Taylor 2001; Mitchell et al.

2003; Claverie and Smith 2007). Although a more rigorous evalu-

ation of muscle performance in relation to size would be needed,

we can reasonably assume that muscle force increases propor-

tionally to muscle shape and size, as seen in other crustaceans

(Mitchell et al. 2003; Claverie and Smith 2007).

The scaling of the stomatopod engine, which appears not

to change in shape relative to size, differs from the findings in

jumping and running mammals. In mammals, the scaling of the

“engine,” which consists of ankle extensor muscles, has a mass

that scales isometrically with body mass (Alexander et al. 1981;

Pollock and Shadwick 1994a), but a shape that changes allo-

metrically. The muscles become stronger (greater cross-sectional

area), but shorter as the animal increases in size (Alexander

and Bennet-Clark 1977; Alexander 1981; Alexander et al. 1981;

Pollock and Shadwick 1994a). We were unable to find a pub-

lished study investigating the scaling of the “engine” (muscle) in

arthropod power-amplified structures.

Amplifier
The amplifier of G. falcatus scales allometrically; as the merus

increases in size, the dorsoventral part of the distal merus region

elongates to a greater extent than the rest of the merus. Given

that males have a larger merus relative to females, their spring

becomes relatively larger as animals increase in size, but also

exhibits greater allometry in the shape of this unit. Furthermore,

given that the amplifier is primarily composed of two calcified

bands that act as tape springs (Patek et al. 2007; Zack et al. 2009),

this elongation of the spring should result in a longer lever arm
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for the extensor muscle to contract. In other words, when the tape

spring increases in length, the muscle that pulls at the end of the

spring has a greater leverage and the spring bending should be

easier (assuming a constant stiffness).

Spring stiffness and maximal force show different scaling

relationships relative to size and shape of the merus. Only spring

stiffness and maximal force were chosen to represent spring me-

chanics, because they were found to be the most representative

variable to characterize this system (Zack et al. 2009). Spring

elongation and maximal spring force are positively associated,

but not significantly correlated (Fig. 8A), possibly due to small

sample sizes. Moreover, maximal spring force is positively cor-

related with merus centroid size whereas stiffness is not. As said

above, the elongation of the spring in the amplifier with increas-

ing size of the appendage should provide greater leverage for

the extensor muscle. The spring should also increase in stiffness

with increasing size, given that the arthropod exoskeleton gen-

erally increases in stiffness when animals grow larger (Borrell

2004; Katz and Gosline 1994). However, given that we did not

find a positive correlation between spring stiffness and size, this

result suggests that the material properties, material distribution,

or simply the leverage on the spring is changing ontogenetically,

perhaps to accommodate constraints on muscle force generation

with increasing size (Taylor 2001; Zack et al. 2009).

In vertebrates, scaling of the “amplifier”—the ankle exten-

sor tendon in their limbs—is typically morphologically isometric

relative to body mass, whereas elastic energy storage is positively

and allometrically related to body mass (Alexander et al. 1981;

Peterson et al. 1984; Pollock and Shadwick 1994a, b). Thus, ten-

dons of larger species operate under smaller safety factors (the

ratio between load that causes failure and the maximum load expe-

rienced during daily use) (Alexander 1974; Biewener et al. 1981;

Alexander et al. 1982; Dimery and Alexander 1985; Dimery et al.

1986; Biewener and Blickhan 1988; Ettema 1996; McGowan et al.

2008).

In arthropods, we found only two published studies about

scaling in amplifiers. During the ontogeny of jumping locusts,

the shape of tibia (amplifier) changes allometrically; the tibia are

longer and more slender than expected by isometry, whereas stiff-

ness scales isometrically relative to body mass (Katz and Gosline

1992, 1994). However, these studies may not have focused on the

most relevant amplifier in locust legs; most elastic energy storage

occurs in the semi-lunar process whereas the tibiae store only ap-

proximately 10% of the elastic energy (Bennet-Clark 1975; Katz

and Gosline 1992; Gronenberg and Ehmer 1996). More recently,

a study of the amplifier in the raptorial appendages of mantis

shrimp revealed that elastic energy stored in the amplifier scales

proportionally with appendage size whereas stiffness does not

(Zack et al. 2009). Scaling differences in spring stiffness in man-

tis shrimp and locusts could be the result of different allometric

shape changes or changes in exoskeletal material composition

during ontogeny leading to different mechanical properties of the

spring.

One interesting area for future study is the scaling and shape

variation of latches in power-amplified systems. Scaling of latches

relates closely to balancing mechanical advantage relative to

the large, antagonistic spring-loading muscles of most power-

amplified systems (Burrows 1969; Burrows and Hoyle 1972;

Gronenberg 1995a, b). The other component of latch performance

is the rate at which it releases stored elastic energy in the amplifier.

To fully understand the integration of these systems, latch shape,

scaling and mechanics warrant further study.

Tool
The tool (propodus/dactylus) is bulkier in stomatopod males;

specifically, males show allometric changes in the propodus/

dactylus shape, such that larger appendages have a bulkier dis-

tal (hammer) region of the propodus and dactyl. However, strike

force is not sexually dimorphic; peak forces are explained only

by appendage size and not sex. Given that the bulkier hammer

is not associated with a greater force output of the system, it is

possible that shape sexual dimorphism can be explained by dif-

ferent uses of the hammer in males versus females. For example,

mammalian horns are bulkier in males of species that engage in

“ramming” behavior (Schaffer 1968; Lundrigan 1996). Similarly,

thicker skulls were found in ramming dinosaurs (Barghusen 1975;

Snively and Cox 2008).

Sexual dimorphism is commonly observed in decapod crus-

taceans; however, its role in mantis shrimp behavior is not clear.

Male crabs and lobsters typically have larger claws than females

and exhibit a greater range of shape variation (Hartnoll 1974; Stein

1976; Claverie and Smith 2009, 2010). This pattern has generally

been explained by the fact that males are frequently involved in

intrasexual fighting and larger claws are stronger and confer an ad-

vantage (Barki et al. 1992; Sneddon et al. 1997, 2000; Claverie and

Smith 2007). Furthermore, in the particular case of fiddler crabs,

greater claw size has also been explained by promoting mate

attraction (Crane 1975). Both sexes of stomatopods engage fre-

quently in intraspecific interactions during which they display the

merus, but not the tool (Caldwell 1975). However, when breeding

pairs are formed in Neogonodactylus bredini, males assume the

sole responsibility for the defense of the breeding cavity (Shuster

and Caldwell 1989). Consequently, the absence of strike force di-

morphism suggests that other parameters such as strike frequency

rather than force would be more relevant to explain the observed

sexual dimorphism. Future studies incorporating 3D scaling anal-

yses of tool shape and fluid dynamic analyses are required to fully

understand the functional implications of these findings.

Other scaling studies of power-amplified mechanisms have

focused on the tools used in jumping or running. In jumping
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and running vertebrates, the “tool” is the foot, which acts as a

lever system. One side is articulated at the ankle and connected

to the extensor tendon whereas the other side pushes against the

ground. Generally, the mechanical advantage of the mammalian

foot is thought to increase allometrically relative to body mass

(Biewener 1989). One exception to this rule is found in kangaroos,

which keep a constant mechanical advantage regardless of body

mass (Biewener 1989; Bennett and Taylor 1995).

Thus, the performance of the engine, amplifier, and tool of

vertebrate jumping systems are all positively correlated with body

mass, which is consistent with the fact that jumping performance

also scales with body mass. Simply put, large animals jump rela-

tively further than small animals (Choi et al. 2000; Wilson et al.

2000; James et al. 2007).

In arthropods, the scaling of the power-amplified “tools”

and their performance have been characterized in mantis shrimp

(Patek and Caldwell 2005), trap-jaw ants (Gronenberg and Ehmer

1996; Patek et al. 2006; Spagna et al. 2008), and locusts (Katz

and Gosline 1993). A study of a mantis shrimp, O. scyllarus, ex-

amined the scaling of tool size and force generation; the larger the

hammer surface, the greater the peak force generated (Patek and

Caldwell 2005). Within and across trap-jaw ants, a polyphyletic

group of ants that use their mandibles to capture prey or jump

(Gronenberg and Ehmer 1996; Patek et al. 2006), mandible size

increases isometrically with body mass (Spagna et al. 2008). Jump

performance was not measured in relation to scaling in trap-jaw

ants, but mandible strike force was proportional to the size of the

head (Spagna et al. 2008). In locusts, jump performance, in terms

of take-off velocity, was independent of body size within adults

and within juveniles (Katz and Gosline 1993).

MODULARITY

In mantis shrimp, both symmetric and fluctuating asymmetric

components showed the same pattern in shape variability, which

indicated the presence of three developmental modules. When

both symmetric and asymmetric components show the same mod-

ular pattern, this indicates that a direct interaction pathway is

driving the development of the structure (Klingenberg and Zaklan

2000; Klingenberg et al. 2001, 2003). Consequently, our results

suggest that we correctly identified the developmental units of the

appendage.

The graphical modeling approach suggests that each unit be-

longs to a different developmental module, but the target matrix

approach yields less clear-cut results. The shape variation of the

proximal and ventral regions of the merus (engine) and the propo-

dus and dactylus (tool) is correlated, but the shape variation of

these four partitions are not correlated with the shape variation

of the distal region of the merus (amplifier). Based on the tar-

get matrix analyses, shape variation among these three different

units is neither perfectly independent nor perfectly internally co-

herent, yet the graphical modeling approach yielded a strongly

modular structure (Fig. 10). The different findings from these two

methods reflect the fact that the target matrix method assumes an

all-or-none dependence/independence relationship among parti-

tions, whereas graphical modeling does not. Typically, modular

structures are rarely perfectly isolated and a covariance between

modules never equals zero (Klingenberg et al. 2003).

Small interactions between modules have been measured in

many systems such as bumblebee wings, rodent mandibles, or

fowl body morphology (Klingenberg et al. 2001; Magwene 2001;

Klingenberg et al. 2003; Zelditch et al. 2009). For example, in

mice mandibles, developmental modules that represent the dis-

tal section of the mandible covary slightly with the modules that

represent the proximal region (Klingenberg et al. 2003). This is

because the processes that generate intramodular association may

overlap spatially (Marquez 2008c). In that context, explorative

methods such as graphical modeling might be better suited than

the simple but less-flexible approach of target matrices for study-

ing modularity patterns (Magwene 2001; Zelditch et al. 2009).

Furthermore, even if the target matrix approach did not show any

significant similarities between the theoretical modular structure

(engine, amplifier, and tool) and the observed shape variation,

there was a relatively high correlation between these matrices

(>0.85), which is consistent with graphical modeling results.

Overall, these results indicate that the functional units of the

mantis shrimp’s appendage—the engine, amplifier, and tool—

each belong to a different developmental module. Although not

previously studied in power-amplified systems, a match between

developmental modules and functional modules has been found

in many other systems. For example, in mice mandibles, the func-

tional units that correspond to muscle attachments on one side

and to the presence of teeth on the other side each belong to a

different developmental module (Atchley et al. 1985; Cheverud

et al. 1991; Mezey et al. 2000; Klingenberg et al. 2003).

The consequences of a modular organization are many. For

example, each unit could be independently tuned to its particu-

lar function during ontogeny and evolution (Wagner 1996; West-

Eberhard 2003), while maintaining a functioning power-amplified

system. Because each module is independent, mutation occurring

in the pathway of one module will not affect others. Conversely,

selective pressures affecting only one module will only affect the

portion of the genome regulating the pathway of this module.

Consequently, modular organization of an organism increases

evolvability and specialization by reducing pleiotropy (Wagner

and Altenberg 1996; Waxman and Peck 1998; Schlosser 2002).

MODULARITY AND THE EVOLUTION OF POWER

AMPLIFICATION

In the context of the evolution of the power-amplified sys-

tem in G. falcatus, it is particularly interesting to note that
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different modules could change differently depending on sex or

size. For example, change in amplifier shape depending on ap-

pendage size is possible without changes to other units; this may

indeed be necessary if the mechanical consequences of increasing

exoskeletal size do not correspond directly to the increased force

output of the muscle across the same size range. Such a differ-

ence in ontogenetic trajectories (isometry vs. allometry) among

modules could have evolved according to different selective pres-

sures acting on them (Wagner 1996; West-Eberhard 2003). For

example, the difference in the scaling of tool shape between sexes

could be a direct consequence of different striking behavior be-

tween males and females (Shuster and Caldwell 1989), while also

constrained by some minimal functional requirement (i.e., tool too

small/large might be mechanically inappropriate). More broadly,

modular development of mantis shrimp raptorial appendages may

have released the tool to be morphologically variable while still

driven by the same power amplification system. The tremen-

dous diversity of mantis shrimp tools, from hatchets and ham-

mers to spears (Ahyong 2001), certainly lends credence to this

idea.

More generally, a comparison of our results with the scaling

of other power-amplified systems allows us to note general trends

as well as highlight the differences specific to a particular usage

of these systems. For example, power-amplified structures follow

different ontogenetic trajectories (isometry vs. allometry) depend-

ing on the functional unit. In mammals, the engine and tool follow

allometric morphological changes, whereas the amplifier follows

an isometric change relative to size. In mantis shrimp, it is the en-

gine and the tool of females that follow isometric changes whereas

the amplifier and the tool of males changes allometrically with

body size. These scaling differences among the engine, amplifier,

and tool, irrespective of the usage of the power-amplifying struc-

ture or the taxonomic group, suggest that a modular organization

could generally occur in power-amplified systems.

Scaling differences between mammalian jumping and mantis

shrimp striking could be due to two main differences. First, verte-

brates possess an endoskeleton, which means that the volume that

a muscle can reach during development is not limited by an ex-

oskeleton as it is in arthropods. Second, jumping performance is

tightly bound to animal mass. By definition, jumping performance

will be determined by the acceleration of the body mass, whereas

striking performance need not be related to animal mass. In ver-

tebrate power-amplified systems, the need to match muscle force

with animal mass may have led to the evolution of greater muscle

force (i.e., greater diameter) relative to animal size. Furthermore,

the release of the muscle from the spatial constraint as the one

imposed by the exoskeleton in arthropods, might have enhanced

allometric growth of the engine in vertebrates. Conversely, in

mantis shrimp, the engine might be spatially constrained by ex-

oskeleton, but not bound to animal mass. As a result, selective

pressure on this system might have acted only on the evolution

of amplifier scaling properties during ontogeny to match engine

force and maximize strike speed. Additional cross-species studies

of scaling in power-amplified systems are likely to yield impor-

tant insights into the evolution of ontogenetic pathways relative

to the selective pressures exerted on the engine, amplifier, and

tool.

CONCLUSIONS

The framework developed here, in which we divide a power-

amplified structure into an engine, amplifier, and tool, provides

a useful approach to studying the evolutionary history of fast

movements in nature. Assuming that each functional unit be-

longs to different developmental modules, simple morphological

or biomechanical variables could be attributed to each functional

unit and could be compared across species using phylogenetic

comparative methods (Felsenstein 1985). However, the limits of

the present approach lie in the uncertainty of the spatial bound-

aries among functional units in some systems. For example, in

very small jumping mammals, the muscle acts as an amplifier.

In these species, tendons are not stretched (because they are

too robust compared to muscle force and animal mass) and the

recoil of stretched muscles is sufficient to act as an amplifier

(Alexander and Bennet-Clark 1977; Biewener et al. 1981;

Pollock and Shadwick 1994a; Ettema 1996). In this particular

case, the amplifier and engine spatially overlap but could still

be developmentally and functionally separated, because mus-

cle elasticity is related to muscle length whereas contraction

force is related to muscle cross-sectional area (Alexander and

Bennet-Clark 1977; Pollock and Shadwick 1994a). Similarly, in

locust legs, the tibia (tool) can also account for some elastic en-

ergy storage (Bennet-Clark 1975; Katz and Gosline 1992, 1994).

Although these blurred boundaries among the units may make

our approach intractable in some systems, most power-amplified

mechanisms do have discrete, quantifiable units that are amenable

to these kinds of analyses.

In conclusion, this study has shown that a power-amplified

structure can be divided into three functional units which be-

long to different developmental modules. If future studies reveal

that other power-amplified systems are similarly modular, spa-

tial matching between the different functional units and develop-

mental modules in power-amplified systems raises a fundamental

question: Did developmental modularity evolve first and subse-

quently lead to the evolution of an engine, an amplifier, and a tool,

or do spatially localized selective pressures determine the differ-

ent functional units and subsequently promote the evolution of

modularity? Hopefully, our study will encourage future work on

the comparative, macro-evolutionary biomechanics of power am-

plification mechanisms and lead to new insights into the origins

and history of these remarkable systems.
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